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1 INTRODUCTION 
This paper aims to analyze the effect of debris ac-
cumulations at bridge piers on scour and dune 
temporal evolutions and the dune morphologies, 
compared to those of an isolated cylindrical pier 
under same hydraulics and sediment conditions. 
Debris accumulations at bridge piers and decks 
have been mainly divided into two classes (Brad-
ley et al., 2005): single pier debris accumulations 
and span-blockage accumulations. In the present 
study only isolated or single pier accumulations 
have been analyzed for the sake of simplicity.  
Indeed, it is well known that several variables 
affect the scour evolution and the maximum equi-
librium clear-water scour hole depth for isolated 
pier in uniform sediment, i.e., flow shallowness 
h/D, where h = water depth D = pier diameter,  
flow intensity U/Uc, where U = average flow ve-
locity and Uc = sediment threshold flow velocity, 
sediment coarseness D/d50, where d50 = sediment 
diameter for which 50% in weight is finer, and 
non-dimensional time T = Ut/h, where t = time 
(Melville and Sutherland, 1988; Franzetti et al., 
1989; Franzetti et al., 1994). As well, the pier 
Froude number U2/gD, where g = gravitational 
acceleration, should be taken into account to 
achieve a correct flow similitude. However, piers 
Froude numbers are higher in laboratory expe-
riences than in field experiences. Hence,  equa-
tions developed for flumes are quite conservative 
and tends to overestimate the prototype maximum 
scour hole depth zmax/D, where zmax = maximum 
scour hole measured at the bridge pier (Ettema et 
al., 1998). Alternatively, Oliveto and Hager 
(2002), based their analysis on the hydraulic resis-
tance analogy, in which zmax/D depended on a non 
dimensional time parameter and on the densime-
tric Froude number Fd=U/(g’d50), where g’ = g(ρs-ρ)/ρ = reduced gravitational acceleration (Dey and 
Debnath, 2001; Oliveto and Hager, 2002; Dey and 
Raikar, 2005), ρs = sediment density and ρ = water 
density.  
The presence of debris or drift accumulations 
further complicates the scour process in corres-
pondence of bridge piers. The debris build-up 
causes: a contraction, reducing the waterway 
width; a local scour increase, due to the accumula-
tion obstruction; a deflection of the flow angle of 
attack, which can increase the local scour around 
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the bridge; and, finally, a reduction of the bridge 
discharge capacity (Kattell and Eriksson, 1998).       
Recently, several experimental studies and 
field observations have been carried out to asses 
the effect of smooth or rough debris accumulation 
on zmax/D (Melville and Dongol, 1992; Diehl, 
1997; Kattell and Eriksson, 1998; Parola et al., 
2000; Richardson and Davis, 2001; Bradley, Ri-
chards et al., 2005; Briaud et al., 2006; Zevenber-
gen et al., 2006; Lagasse et al., 2009; Pagliara and 
Carnacina, 2010). 
Specifically, Melville and Dongol (1992) made 
tests using a cylindrical accumulation extending 
downstream of the bridge pier. They defined an 
equivalent bridge pier diameter De based on flow 
and accumulation geometric characteristics, i.e., td 
= debris thickness and dd = debris diameter 
( )0.52 0.52e d d dD t d h t h⎡ ⎤= + −⎣ ⎦  (1)  
Later on, Lagasse et al. (2009) developed a 
similar approach defining a De based on accumu-
lation shape and plunging flow factors for flume 
tests, including several debris accumulation 
shapes, geometry and roughness. Lastly, Pagliara 
and Carnacina (2010), studied the temporal scour 
evolution for accumulation with different rough-
ness, porosity, and percentage rough blockage ra-
tio ∆A = [(dd–D)·(td+df)]/(b·h)·100 = ∆A for df = 0, 
in which df = average logs diameter and b = chan-
nel width, from which it can be inferred that the 
porosity slightly effect the scour evolution, whilst 
both ∆A and roughness play an important role on 
zmax/D temporal evolution. In particular:  
( )*/ ln /10maxz D Tξ=  (2) 
in which 
( )0.40.19 / 0.13cU U A  ξ = Δ −?  (3) 
where ȟ = non-dimensional time parameter, T* = 
hUt/Aacc = non-dimensional blockage dependent 
time, Aacc = (dd–D)td+hD = additional area oc-
cluded by the accumulation. 
However, little is known on scour and dune 
morphologies in presence of debris accumulation 
and their maximum width and length, which are of 
main importance in order to efficiently design pier 
protection structures.   
2 EXPERIMENTAL APPARATUS  
2.1 Flume characteristics 
All experimental runs were carried out at the PIT-
LAB research center of the Civil Engineering De-
partment of the University of Pisa, Italy. The 
channel consisted of a glass walled horizontal 
flume 12 m long, 0.61 m wide and 0.5 m deep. 
The flow was supplied by means of a sluice gate 
provided with a flow straightener (0.25 cm mesh).  
The discharge was measured by means of a 
KRONE® electromagnetic gauge, installed in the 
supply line. A false bottom 2 m long, 0.15 m 
deep, and 0.6 m wide was used to simulate the 
scoured zone. An upstream steel box 3 m long, 0.6 
m wide and 0.15 m deep provided the transition 
between the scoured zone and the inlet sluice gate. 
A Downstream second box 1 m long, 0.6 m wide 
and 0.15 m deep, closed the false bottom. One 
perspex cylindrical pier of diameter D=0.03 m has 
been used in the tests. The pier was placed at the 
false bottom center. A weir, positioned 2 m down-
stream from the last box, regulated the water 
depth.  
A ultrasonic Baumer® UNDK20 transducer 
mounted on a point gauge 0.1 mm precise and a 
Gefran® MK4 distance meter connected to the 
trolley mechanism have been used to survey the 
final maximum scour profile and the liquid pro-
file. During the test execution, scour measure-
ments near the pier zmax were taken at t=1, 2, 4, 8, 
15, 30, 60…, 360 …minutes. The tests were gen-
erally performed for 360 minutes, whilst several 
tests have been lasted up to 96 hour. zmax has been 
measured by means of a clear scale glued at the 
pier surface. Its use prevent from any disturbance 
effect which may occur when measuring zmax with 
intrusive techniques, i.e., point gauge. 
2.2 Large wood debris and sediment features 
In the present study, tests have been carried out 
with frontal rectangular large wood debris (LWD) 
accumulations, though several others shapes are 
known in literature, i.e., cylindrical (Melville and 
Dongol, 1992), or triangular (Zevenbergen et al., 
2006).  
Table 1.  Tested LWD accumulations  
Test 
series ld/D dd/D ld/dd td/dd pd/ld   
EB 3 6 
10 
20 
0.05 
0.10 
0.01  
0.39 0.5 
min  
max
E 2.50 3.60 
3.10  
6.90 
0.44  
0.65 
0.18  
1.2 0 
min  
max 
Table 1 reports the LWD (large wood debris) 
geometric characteristics tested in the present 
study. In the table, ld = LWD streamwise length 
and pd = distance between the debris downstream 
edge and the pier center (fig. 1a). In the present 
study, LWD were simulated by means of synthetic 
material, modeled in order to obtain a rectangular 
cross-sectional shape (fig 1b). Two different tests 
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series have been carried out, i.e., the “EB” test se-
ries, which is characterized by wider accumula-
tions centered respect to the pier center, and “E” 
test series, which were characterized by narrower 
accumulation which never extended downstream 
the bridge pier center.   
Figure 1a-c depicts the experimental sketch 
and notation, where, zmax= maximum scour depth 
near the pier, and zM = maximum dune height. 
 
 
Figure 1. Sketch and notation: a) plan view, b) transverse 
section and c) longitudinal section. 
Medium river sand has been used for all the 
tests, whose granulometric characteristics are: 
d50= 1 mm,  σ=(d84/d16)0.5 = 1.2 =  standard devia-
tion of sediments, φ = 31° and φ’ = 36° are the 
dry and wet sediment angles of repose, and ρs = 
2440 daN/m3. The critical velocity Uc has been 
evaluated according to Pagliara and Carnacina 
(2010), in which the critical Shields parameter 
Θc=0.032. 
2.3 Experimental range 
Before each experiment, the bed was carefully le-
veled around the bridge pier and the LWD was 
fixed at different distances from the bed, to obtain 
different td values. Hence, the channel was com-
pletely filled up with water at low discharge. The 
discharge Q was regulated to the test’s discharge 
and time measurement started after adjusting the 
water elevation. Details on the tests execution are 
available in Pagliara and Carnacina (2010). Table 
2 reports the flow conditions tested in the present 
study for both tests series, where Fr = U/(gh)0.5 = 
Froude number and Re = 4Uh/Ȟ = Reynolds num-
ber, in which Ȟ = kinematics viscosity. 
  
Table 2.  Experimental tested conditions 
Test 
series
U 
[m/s] U/Uc h/D ∆A Fr Fd Re·10-4   
EB 0.16 0.35 
0.5 
1 
2.66
5.66 
0 
50 
0.12 
0.40 
1.33 
2.95 
5.48 
22.2 
min 
max
E 0.210.35 
0.67
1 
2.66
5.66 
0 
13 
0.16 
0.40 
1.77 
2.95 
7.7  
22.2 
min 
max 
3  RESULTS AND DISCUSSION  
Figures 2a-h show top views of the final dry scour 
(6 hours) with different dune morphologies ob-
served at various flow and blockage conditions.  
In the right, the plot shows the contour lines 
with the scour values observed for the tests. The 
longitudinal x axis and the transversal y axis re-
lates to the pier center, whilst the vertical eleva-
tion measured with the ultrasonic transducer Z re-
lates to the original bed elevation. As shown in the 
figure, the debris accumulation significantly af-
fects the scour morphology.  The dune, in clear 
water condition, is composed by the material 
scoured near the pier. As observed by (Mazumder 
et al., 2009) the dune presence generates high tur-
bulence disturbance which, hence,  is responsible 
of the secondary erosion process immediately 
downstream of the dune itself. Moreover, for low 
U/Uc, as far as ∆A increases, the scour increases 
its width and a multiple dune develops down-
stream the pier (fig. 2c, d, i, and k). Vice versa, 
even at high U/Uc, but for low ∆A, the dune 
presents a typical swallow-tail shape, which can 
be observed also in case of isolated pier (fig. 2a, 
b, e, f, g, h). Therefore, both zmax/D and zM/D tem-
poral evolution have been analyzed in order to 
isolate different scour and dune morphologies. 
Figure 3 shows zmax/D temporal scour evolution 
for both “E” and “EB” tests series, i.e., for 
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Figure 2. Dune morphologies for test a, b) EB18, c. d) EB20, e. f) EB21, g, h) EB50 and i, k) EB53 (x, y and Z 
axes in cm). 
0<∆A<50 and 2.66<h/D<5.66. Accordingly, as 
observed by Pagliara and Carnacina (2010), 
zmax/D shows an almost linear dependence in the 
semi-log chart on T*, where the x-axis intercept 
has been fixed equals to T*=10. As also observed 
by Melville and Dongol (1992), when ∆A>0 and 
for U/Uc=1, zmax/D could shows values up to 4 
times D. 
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Vice versa, the dune evolution shows a totally dif-
ferent dependence on T*. In fact, at U/Uc=1, as 
shown by the dotted line in fig. 4a, zM/D first 
shows a maximum at 102<T*<104 with values 
ranging 0.6<zM/D<1.7, whilst for higher T*, zM/D 
strongly reduced. 
0
1
2
3
4
5
1.E+00 1.E+02 1.E+04 1.E+06 1.E+08
T *
z max/D U/Uc=1
U/Uc=0.85
U/Uc=0.75
U/Uc=0.67
U/Uc=0.50
 
Figure 3. zmax/D vs. T* for 0<∆A<50 and 2.66<h/D<5.66.   
For 0.5<U/Uc<0.75, zM/D again shows a beha-
vior which is comparable to that of the maximum 
scour, in which zM/D increases within T* (fig. 4b), 
though, showing values comparable to the maxi-
mum zM/D observed for U/Uc=1.  
0
0.6
1.2
1.8
1.E+00 1.E+02 1.E+04 1.E+06 1.E+08
T *
Z M /D U/Uc=1
a)
0
0.6
1.2
1.8
1.E+00 1.E+02 1.E+04 1.E+06 1.E+08
T *
Z M /D U/Uc=0.5
U/Uc=0.75
b)
 
Figure 4. zM/D vs. T* for 0<∆A<50 and 2.66<h/D<5.66, a) 
eroded dunes, and b) stable dunes. 
Based on the visual observation and on the 
zM/D temporal evolution analysis, three different 
dune morphologies have been distinguished in fig. 
5, i.e., eroded single dune (NSD), stable single 
dune (SSD), and stable multiple dune (SMD). NSD is 
characterized by the continuous removal of sedi-
ment from the dune, typically presenting the dune 
temporal evolution observed in fig. 3.  
 
 
Figure 5. Observed dune morphologies: a) stable multiple 
dunes, SMD, b) stable single dune, SSD and c) eroded single 
dune NSD. 
The dune continuously propagates downstream 
until the original swallow-tail shape cannot be dis-
tinguished. Sediments are continuously removed 
from the downstream scour side and the scour 
hole showed an elongated shape, while the dune is 
smashed down by the flow turbulence. As for ei-
ther ∆A or U/Uc where reduced, the dune slowly 
propagates downstream and SSD morphology was 
distinguished. As shown by fig. 5b, SSD presented 
a single lobe expansion, in which the dune front 
was featured by a swallow-tail shape. In the tested 
a) b) 
c) d) 
e) f) 
g) h) 
i) k) 
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range, zM/D present either increasing dependence 
with T*, or, after a developing phase, could reach 
a plateau, after which the dune only translate 
downstream.  Sediments were removed from the 
scour hole and accumulated downstream. As ob-
served, a secondary scour could be generated 
downstream of the dune. Finally, the SMD mor-
phology was distinguished at low U/Uc and high ∆A. It showed a slow multiple lobe propagation, 
in which the dune was featured by multiple fronts 
which expanded along all the channel width. 
Hence, each test has been classified in terms of 
U/Uc and ∆A in fig. 6, for h/D=2.66 (empty sym-
bol) and h/D=5.66 (filled symbol). The figure also 
shows non scoured tests. The solid line in the up-
per part of the plot distinguished the transition be-
tween the localized scour and the global scour, 
which have been distinguished from preliminary 
tests in which sediments were scoured, from the 
channels sides, from the beginning up to the tests 
end.  
0
10
20
30
40
50
0.4 0.6 0.8 1 1.2
U/U c
∆A
Global scour
N SD
S SD
S MD
S SD /N SD for 
h /D= 2.66 S SD /N SD 
for 
 
Figure 6. Dune morphology classification in presence of de-
bris occlusion: no scour (h/D=2.66 ○, h/D=5.66 ●), SSD 
(h/D=2.66 □, h/D=5.66 ■), NSD (h/D=2.66 , h/D=5.66 ) 
and  SSD (h/D=2.66 , h/D=5.66 ). 
The hatched region shows the sediment trans-
port threshold, after which bed-forms develop and 
for which the dune classification is no longer 
valid. Indeed, after the threshold condition, the ef-
fect of the upstream sediment movement may 
change both the scour morphology and the scour 
pattern (Melville, 1984) and the dune morphol-
ogy. It is worth noticing that for h/D=2.66 the 
transition from SSD to NSD is drawn down toward ∆A. In fact, the effect of the surface wake down-
stream of the accumulation increases the turbu-
lence toward the bed, contributing to higher dune 
erosions even at lower U/Uc. Differently, for 
U/Uc=0.5, the transition from SMD to SMD slightly 
differs for 2.66<h/D<5.66, and a single transition 
has been identified. Results also agree with (Mel-
ville and Coleman, 2000), who observed the scour 
formation, for ∆A=0, at 0.3<U/Uc<0.5.  
-1.5
-1
-0.5
0
0.5
1
1.5
-1 -0.5 0 0.5 1
x/L dl
Z/Z max
U/Uc=0.5
U/Uc=0.5, h/D=2.66 ref.
x<0
x>0
Z=0
c)
-1.5
-1
-0.5
0
0.5
1
1.5
-1 -0.5 0 0.5 1
x /L dl
Z/Z max U/Uc=0.75U/Uc=0.75, h/D=2.66 ref.
U/Uc=0.75, h/D=5.66 ref.
x<0
x>0
Z=0
b)
-1.5
-1
-0.5
0
0.5
1
1.5
-1 -0.5 0 0.5 1
x/L dl
Z/Z max U/Uc=1
U/Uc=1, h/D=2.66 ref.
U/Uc=1, h/D=5.66 ref.
x<0
x>0
Z=0
a)
 
Figure 7. Self-similar non-dimensional longitudinal scour 
for for 0<∆A<50 and 2.66<h/D<5.66. 
Hence, both longitudinal and transverse scour 
profiles have been thorough analysed. Figures 7a-
c shows the non-dimensional maximum scour 
hole longitudinal sections normalized by Ldl for 
0.5<U/Uc<1, 0<∆A<50, and 2.66<h/D<5.66, 
where Z = scour depth and Zmax is the maximum 
scour hole, both measured with the ultrasonic sen-
sor. Accordingly, as U/Uc increases, the scour 
hole propagates downstream, for the dune erosive 
action showed at higher U/Uc. Indeed, as U/Uc 
approaches the lowest values, Ldl equally distri-
buted in both the downstream and the upstream 
sides, as the dune steepness affects the sediment 
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transport and contributes to the reduce the sedi-
ment removal from the groove. As well as for Ldl, 
the maximum scour shift downstream as far as 
U/Uc increases. Reference tests with ∆A=0 are, 
generally, lesser extended downstream, as for the 
flow contraction, generated by the debris accumu-
lation, showed a higher erosive action on the 
downstream side of the scour hole.   
Normalised scour profiles can be approximated 
by polynomial functions, i.e., for x<0:  
( ) ( )
( ) ( ) ( )
5 4
3 2
/ / /
/ / / 1
max dl dl
dl dl dl
Z Z a x L b x L
c x L d x L e x L
= + +
+ + + −  (3) 
whilst for x>0: 
( ) ( )
( )
3 2/ / /
/ 1
max dl dl
dl
Z Z x L x L
x L
α β
γ
= + +
+ −  (4) 
Where a-e and α-Ȗ are regressions coefficients 
which depended on U/Uc (table 3). 
 
Table 3. Eq.3-4 Normalised scour hole coefficients 
Eq. Coeffi-
cients 
U/Uc 
1 0.75 0.5 
a 1105 88.25 -160
b 1190 103.1 -241
c 492.7 16.01 -109.2
d 90 12.87 -11.53
e 2.5 1.05 -0.59
α -0.014 -7.23 -6.51
ȕ -1.04 5.6 5.32
Ȗ 2.8 0.93 0.97
 
  
-1
-0.5
0
0 0.5 1
y/L dt
Z/Z max
U/Uc=1
U/Uc=0.75
U/Uc=0.67
U/Uc=0.5
U/Uc=1, h/D=5.66 ref.
U/Uc=0.67, h/D=5.66 ref.
U/Uc=0.5, h/D=5.66 ref.
Z=0
Eq. 5
 
Figure 8. Self-similar non-dimensional transverse scour for 
0<∆A<30 and 2.66<h/D<5.66. 
Normalized scour hole profiles show a good simi-
larity in terms of U/Uc, especially for x<0, whilst 
for x>0 the profile slightly scatters. Slight scatter 
toward eq.4-5 is likely connected to the effect of 
neglected variables, such as ∆A, h/D and accumu-
lation shape and ld, which, however, showed a 
slight influence on the scour hole longitudinal 
morphologies.  
Figure 8 shows the self-similar transverse pro-
file normalized by Ldt, for 0<∆A<30 and 
2.66<h/D<5.66. Unlike the longitudinal profiles, 
the transverse ones are less affected by U/Uc. 
Hence, normalized scour profiles have been 
approximated by eq.5: 
( ) ( )2/ 3 / 0.5 / 1max dt dtZ Z y L y L= + −  (5) 
in which the Z/Zmax=0 for  y/Ldt=0.5. Scour 
maximum hole position in transverse direction 
lays generally between 0<y/Ldt<0.2. 
In order to highlight the differences between 
scour width and length, two debris influence coef-
ficients have been defined, i.e., Kl = Ldl/Ldl-o = 
longitudinal scour debris accumulation coeffi-
cient, and Kt = Ldt/Ldt-o = transverse scour debris 
accumulation coefficient, where the suffix –o 
identifies tests with ∆A=0, i.e., without accumula-
tion. Both coefficients were evaluated for T*=104, 
after which the effect of time was found almost 
negligible.    
Figures 10 and 11 show the dependence of Kl 
and Kt on both ∆A and U/Uc for 2.66<h/D<5.66 
and both “EB” and “E” test series. Accordingly, 
as the effect of ∆A became more relevant, the 
scour hole increases its length and width, as well 
as, given constant ∆A, Kl and Kt increased with 
U/Uc, up to 3 times the scour hole without accu-
mulation. 
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Figure 10. Influence of ∆A and U/Uc on Kl for 
2.66<h/D<5.66. 
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Figure 12. Influence of ∆A and U/Uc on Kt for 
2.66<h/D<5.66. 
Note that for ∆A>40, scour width could even-
tually show values 3.9 times the scour without ac-
cumulation. These results agree with the patterns 
observed for SMD, which generally presented larg-
er values compared to that observed for SSD or NSD.  
Both Kl and Kt can be approximated by eq. 6: 
( )0.2 / 0.09 1l cK U U A= − Δ +  (6) 
and eq. 7 respectively 
( )0.2 / 0.077 1t cK U U A= − Δ +  (7) 
for which Kl=1and Kt=1 as ∆A=0. 
4 CONCLUSIONS  
Scour and dune morphologies in presence of sev-
eral debris accumulations at bridge pier in clear 
water condition have been analyzed. The debris 
accumulation deeply affect both maximum scour 
hole depth, length, width and dune morphology, 
leading to dangerous effect on the bridge pier sta-
bility 
The temporal analysis of zM demonstrated that 
the dune could be eroded under given condition of 
high occlusion or high flow intensity. Therefore, 
tree main dunes morphologies have been distin-
guished in clear water conditions, i.e., eroded and 
stable single dune and stable multiple dunes. Both 
scour longitudinal and transverse maximum scour 
morphologies have been analyzed, showing a 
strong self-similar pattern when normalized by 
maximum Ldl and Ldt respectively. Finally, maxi-
mum scour length and width showed, respective-
ly, values up to 3 and 4 times that without debris 
accumulation.  
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